We calculate the spin-polarized electronic transport through a molecular bilayer spin valve from first principles, and establish the link between the magnetoresistance and the spin-dependent interactions at the metal-molecule interfaces. The magnetoresistance of a Fe|bilayer-C 70 |Fe spin valve attains a high value of 70% in the linear response regime, but it drops sharply as a function of the applied bias. The current polarization has a value of 80% in linear response, and also decreases as a function of bias. Both these trends can be modelled in terms of prominent spin-dependent 
I. INTRODUCTION
Carbon-based materials have moved into the focus of spintronics research, because the weak spin-orbit coupling and hyperfine interactions in carbon-based semiconductors generate the prospect of stable spin currents and robust spin operations.
1,2 Giant magnetoresistance (MR) effects have been reported in vertical spin valves with layers of organic molecules such as tris(8-hydroxy-quinolinato)-aluminium (Alq 3 ) or fullerenes such as C 60 . 3-9 Barraud et al. 5 have argued that spin-dependent interactions at the interfaces between molecular materials and ferromagnetic electrodes play a pivotal role in the magneto-transport properties of these molecular semiconductor devices. This has prompted the suggestion that highly spin-polarized currents in spintronic devices may be obtained by exploiting such interface interactions, which has been dubbed "spinterface science".
10
Establishing a direct link between interface properties and spin-dependent transport would be a significant step forward in understanding organic spin valves. Photoemission spectroscopy, scanning tunnelling microscopy (STM), and first-principles calculations enable a detailed analysis of the spin-dependent electronic properties of metal-organic interfaces, [11] [12] [13] [14] [15] [16] but a direct connection between these properties and the magneto-transport in organic spin valves is lacking so far. In this paper we calculate the spin-dependent current through a prototype spin valve, which consists of a ∼ 2 nm thick molecular bilayer sandwiched between two ferromagnetic metal electrodes, using a first-principles non-equilibrium Green's function technique. We devise a model where the transmission through a molecular multilayer is factorized, based upon partitioning the system into right and left interface parts, each consisting of a molecular monolayer adsorbed on a metal surface. This allows for an analysis of the MR and the current polarization in terms of the spin-polarized interface states, both in linear response and at finite bias.
We study Fe|bilayer-C 70 |Fe spin valves, cf. Fig. 1 . The bcc-Fe(001) surface is a wellestablished substrate for organic spintronics that allows for a controlled growth of fullerene layers. 14, 15 Fullerene molecules are particularly interesting candidates for applications in spintronics due to the absence of hydrogen atoms that lead to spin de-phasing via hyperfine interactions. In particular, we find that adsorption of C 70 on Fe(001) results in a favourable interface electronic structure, which gives a large current polarization of 78% and a large MR of 67%.
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II. THEORY
We start from the Landauer expression for the current at finite bias V and zero
with σ =↑(↓) labelling the majority (minority) spin states, and
LR ] the transmission probability expressed in non-equilibrium Green's functions (NEGF). 
25,26
Partitioning the Hamiltonian of the scattering region into a left and a right part, one can write 27,28
where g σ R(L) is the Green's function matrix of the right (left) part uncoupled from the left (right) part, and
† is the Hamilton matrix block that couples the two parts.
Neglecting multiple internal reflections, one can approximate
From this approximation and the relation g σ,a
R(L) the spectral density matrix of the right (left) part, it then follows 27,29
In a representation where the spectral density matrix is diagonal, one of the matrix elements is much larger than the other ones, if a single molecular state is dominant (depending on the energy, the HOMO or LUMO, for instance). Setting all but one matrix element to zero in the density matrices of the left and the right parts, the transmission can be ap- Expressing the transmission T σ in terms of a product of PDOSs of the right and left interface, means that the transmission through an asymmetric system, where right and left interfaces are different from one another, can be approximated by a geometrical average
is the transmission through a symmetric system with identical right and left interfaces, i.e., characterized by the same PDOS, so
. If in addition we assume that the PDOSs are not affected by the bias V except for a rigid shift, then similar factorization arguments lead to the expressions
where P (AP) describes the situation with the magnetizations of the two ferromagnetic electrodes parallel (anti-parallel). With these approximations one can construct the P transmission spectrum at finite bias, or the AP transmission at any bias, starting from the P spectrum at zero bias, which greatly facilitates the interpretation of the MR effect and of the I-V curves.
III. COMPUTATIONAL DETAILS.
We optimize the structure of the Fe(001)|C 70 interface, using density functional theory (DFT) at the spin-polarized generalized gradient approximation (GGA/PBE) level, as implemented in VASP. 34, 35 The same computational parameters are used as in Ref. 15 . The interface is modeled using a 4×4 Fe(001) surface unit cell (cell parameter 11.32Å), containing one C 70 molecule. The distance between nearest neighbor molecules is then slightly larger than the 10-11Å observed in the C 70 molecular crystal. Electronic transport in the bilayer junction is calculated using the self-consistent NEGF technique as implemented in TranSIESTA. 25, 37 Single-ζ and double-ζ (plus polarization) numerical orbital basis sets are used for Fe and C, respectively. We employ the GGA/PBE functional and norm-conserving pseudo-potentials. 38,39 A 6×6 in-plane k-point mesh is adequate to obtain sufficiently accurate transport results. For instance, the total conductance at small bias is then converged on a scale of 2%.
IV. RESULTS
A. Fe|C 70 interface
From a number of possible adsorption geometries, we have identified a structure as most stable where the long axis of the C 70 molecules is parallel to the surface. Two neighbouring and LUMO character, respectively, and the peak at E F in the minority spin states also has LUMO character. The spin-polarized states of the substrate interact differently with the molecule, resulting in a markedly different PDOS for the two spin states. Around the Fermi level the interaction with the minority spin states is particularly strong, consistent with the fact that the Fe(001) surface has prominent minority spin surface resonances in this energy range. 40 The interaction between molecule and surface induces a magnetic moment of 0.26 µ B on the C 70 molecule in the minority spin direction, which is similar to the induced moment ofn C 60 on Fe(001).
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The difference between the PDOSs of the two spin states gives a magnetization density of states (MDOS) ∆n(E) = n ↑ (E) − n ↓ (E), shown in Fig. 2(b) . A MDOS that oscillates similarly as a function of the energy has been observed at the C 60 |Fe(001) interface. 14 For transport the energy region around the Fermi level is most relevant, where the MDOS has a (negative) peak. This peak gives a spin polarization ∆n/(n ↑ + n ↓ ) ≈ −40% at E = E F , which according to the Jullière model then gives a MR ≈ 40%. wich suggests that the factorization approximation discussed in Sec. II may be applied. Of particular interest is the peak around the Fermi energy in the minority spin channel, as at low bias this peak dominates the conductance. The corresponding state has substantial LUMO character, and is delocalized over the whole molecule, so that the bilayer C 70 junction presents a relatively thin barrier. The conductance polarization, defined as (
, is −78% at E = E F and V = 0, which is also the value of the current polarization
in the linear response regime. The current has a remarkably large spin-polarization, and it is negative because the minority spin dominates. become very similar, resulting in a small MR. The transmission can be interpreted starting from the zero bias transmission using Eqs. (4) and (5). T σ P (E, V = 0) has a prominent peak in the minority spin channel close to E F corresponding to the LUMO derived state at E F , cf. Figs. 2(a) and 3(a) . Factorization according to Eqs. (4) and (5) splits this peak and shifts the factors by ±eV /2, such that two peaks appear at E F ± eV /2, respectively. This construction is shown as the dotted lines in Fig. 4 . For the P case, Eq. (4), both these peaks appear in the minority spin channel T ↓ P . The CP should therefore be still significant at finite bias (albeit smaller than at zero bias). For the AP case at finite bias, Eq. (5), one peak appears in T ↓ AP and the other in T ↑ AP . As we integrate over these peaks, the MR at finite bias should therefore be much smaller than at zero bias. One expects that the MR drops sharply with increasing bias, as the peak in the minority spin channel moves away from the Fermi level. This is confirmed by the self-consistent calculations shown in Fig. 5(a) . At a bias V = 0.1 V the MR is roughly halved, and it reaches small (negative) values, −10% < MR < 0%, for 
V. SUMMARY
We calculate from first principles the spin-polarized transport in Fe|bilayer-C 70 |Fe devices as a function of applied bias. We show that transport in such organic spin valves can be analyzed with a factorization model, which enables us to interpret the transmission in terms of the Fe|C 70 interface states. This opens a route toward exploiting spin-dependent metalmolecule interactions to optimize spin currents. In particular we show that adsorption of C 70 on Fe(001) results in a sizeable spin-polarization at the Fermi level. The current spinpolarization has a maximum value of 78% in the linear response regime, and it decreases monotonically as function of the applied bias. The magnetoresistance has a value of ∼ 67% at linear response, and it decreases rapidly with the applied bias.
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